The present invention generally relates to a semiconduc tor structure that has a semiconductor base layer, arefractory metal layer deposited on top of the semiconductor base layer and an aluminum layer deposited on top of the refractory metal layer and a method of making the same and more particularly, relates to a semiconductor structure that has a silicon base layer, a refractory metal layer deposited on top of the silicon base layer and an aluminum layer deposited on top of the refractory metal layer whereby the latter two layers function as a diffusion barrier for oxygen to protect the semiconductor base layer from oxidation by the forma tion of an aluminum oxide layer on the surface of the aluminum and a method of making the same.
BACKGROUND OF THE INVENTION
Refractory metals such as tantalum and titanium have been used as diffusion barriers, adhesion layers or X-ray lithography masks in electronic applications. Unfortunately, these materials oxidize easily when annealed causing reli ability problems due to the increased resistivity and stress. Other refractory metals such as Nb, V.Zr, Hf, Cr, Mo and W also oxidize easily in annealing ambients containing mini mal amounts of oxygen and at relatively low temperatures. It is an expensive and difficult process to remove all oxygen from an annealing environment and some processes actually require an oxidizing ambient. Small amounts of oxygen incorporated interstitially in the refractory metals can cause large increases in compressive stress. For instance, in a Ta film that has 10% oxygen incorporation, an increase of 4 to 5 GPa in compressire stress and an increase of 63 uC2-cm in resistivity have been observed. When used in electronic applications, such increases in resistivity and stress can cause major reliability problems such as poor contact resistance, peeling and cracking.
Other researchers have utilized refractory metals in elec tronic applications as diffusion barriers, i.e., Ta diffusion barrier between Si and Cu was used by Holloway, et al., J. Appl. Phys., 71 (11), 5433 (1992) . The use of Ta diffusion barrier between a high dielectric material and Si in the fabrication of a high dielectric oxide material has been shown in Grill, et al., J. Mater. Res., 7 (12), 3260 (1992) . In the latter work, the fabrication of high dielectric constant oxide materials requires high temperature processing (>650° C.) in oxygen ambients which generally cause the underly ing Si to oxidize, and thus creating an additional in-series low dielectric capacitor. TiO) are deposited onto a substrate. These materials require high temperature (>650° C) oxygen anneal in order to crystallize. It also requires a Pt seed layer for crystalli zation into a Perovskite phase which has the highest dielec tric constant, i.e., 380 vs. about 40. For simple process integration, it is desirable to use Si as the lower electrode. A problem thus incurred during an oxygen anneal of the Perovskite compound/Pt/Si structure is the formation of an SiO layer at the Pt/Si interface which reduces the effective dielectric constant. A diffusion barrier layer is therefore needed for preventing oxygen diffusion downto the Silayer, and also for preventing the Si diffusion up to the Pt layer.
It is therefore an object of the present invention to provide a diffusion barrier for use in a semiconductor device that does not have the shortcomings of the prior art diffusion barriers.
It is another object of the present invention to provide a diffusion barrier that can be fabricated in a simple manu facturing process.
It is a further object of the present invention to provide a diffusion barrier that is capable of sustaining the high processing temperatures encountered in semiconductor pro cessing steps.
It is another further object of the present invention to provide an oxygen diffusion barrier for devices incorporat ing high dielectric constant oxide layers.
It is yet another object of the present invention to provide an oxygen diffusion barrier of a multi-layer aluminum/ refractory metal material such that the refractory metal layer does not oxidize (remains electrically conducting) in a subsequent annealing step.
It is still another object of the presentinvention to provide an oxygen diffusion barrier that is a multi-layer thin film of aluminum/refractory metal such that when the film is exposed to atmosphere a thin layer of Al-O forms on the surface of aluminum.
SUMMARY OF THE INVENTION
The present invention provides a bi-layer thin film struc ture consisting of aluminum on a refractory metal layer that can be used as a diffusion barrier to oxygen penetration at high temperatures and thus preventing the electrical and mechanical degradation of the refractory metal.
In a preferred embodiment, the present invention utilizes a thin aluminum layer on top of a refractory metal layer as a diffusion barrier which can withstand high temperature annealing (>650° C) and prevent oxygen diffusion. The layer structure of the diffusion barrier is Al-O/refractory metal aluminide/refractory metal silicide/Si. The use of a thin film of aluminum on a refractory metal such as Ta, Ti, Nb, V, Zr, Hf, Cr, Mo, or W. in particular, aluminum on tantalum, reacts on annealing to form an effective diffusion barrier against oxygen penetration during high temperature annealing. As soon as the deposited bi-layer is exposed to the atmosphere, a thin layer of less than 5 nm of Al-O forms on the surface of the aluminum. During annealing, the excess metallic Al reacts with the Ta attemperatures higher than 400° C. to form a high melting point (>1000° C) intermetallic. This is desirable since pure aluminum melts at 660° C. Thus, the final diffusion barrier structure after annealing consists of Al2Oon Al-Ta on Ta or TaSi, when the diffusion barrier is in contact with Si. This final layer structure can withstand high temperature oxidation anneal ing in excess of 650° C. FIGS. 1A-1D are enlarged cross-sectional views of the layer structures of a prior art and the present invention.
FIGS. 2A-2B are graphs illustrating X-ray diffraction traces of as deposited Al/Ta on Si and annealed Al/Ta on Si.
FIGS. 3A-3B are graphs illustrating stress as a function of temperature for a pure Ta film on an SiO2 substrate and for a Al/Ta film on an identical SiO2 substrate.
FIGS. 4A and 4B are graphs illustrating an Auger analysis peak height vs. sputter time for an as deposited Al/Ta on Si film and for an AI/Ta on Sifilm after annealing in oxygen for one minute at 700° C.
FIG. 5 is an enlarged cross-sectional view of a final capacitor structure using the Alfrefractory metal oxygen diffusion barrier after a RTO anneal.
DETALED DESCRIPTION OF THE PREFERRED EMBODIMENT
In accordance with the present invention, a thin aluminum layer deposited on a refractory metal diffusion barrier in a structure of AlO/aluminide/refractory metal silicide/Si is used to withstand a high temperature annealing of greater than 650° C. and to prevent oxygen diffusion.
A thin film of aluminum can be used on a variety of refractory metal films, such as Ta,Ti,Nb, V, Zr, Hf, Cr, Mo or W. In the preferred embodiment, an aluminum film deposited on a tantalum film which reacts to form an aluminide can be used as a diffusion barrier layer against oxygen penetration during a high temperature annealing process.
Referring initially to FIG. 1A , wherein a prior art diffu sion barrier of a refractory metal layer 12 deposited on a substrate 14 is shown. FIG. 1B shows a present invention oxygen diffusion barrier arrangement wherein an aluminum film 16 is deposited on top of a refractory metal layer 18 which is in turn deposited on top of a substrate 20. As soon as the as deposited aluminum film 16 shown in FIG. B is exposed to atmosphere, a thin layer 22 of Al-O forms on the surface. This is shown in FIG. 1C . During a high tempera ture annealing, the excess metallic Al reacts with Ta at temperatures higher than 400° C. to form a layer of high melting point (>1000° C) intermetallic of tantalum alu minide. This is shown in FIG. 1C as layer 24. FIG. 1C depicts the preferred embodiment in a X-ray lithography mask application where a SiO, or SiN. substrate is used. Thus, the final diffusion barrier structure after annealing consists of Al-O on Al-Ta, i.e., layer 24 in FIG. 1C , on Ta or TaSi, i.e., layer 26 in FIG.1D , when the diffusion barrier is in contact with Si as would be the case in a capacitor structure. This final structure can withstand high tempera ture oxidation annealing at higher than 650° C. To evaluate an aluminum on refractory metal thin film bi-layer for use as an oxygen diffusion barrier, an aluminum film of 15 nm is first deposited on 50 nm of Ta using the physical vapor deposition technique of evaporation. Samples were annealed in an oxidation furnace at 650° C. for 30 min and in a Flexus F2400 thin film stress profiler system.
X-ray diffraction traces of an as deposited Al/Ta film on
Si and an annealed AI/Ta film on Si are shown in FIGS. Alon 50 nm Ta on Siwith a thin Al-O surface layer formed when the film was exposed to atmosphere. The film as all other films utilized in the present invention were deposited in an Airco FC3200 e-beam evaporation system with a base pressure between 1 and 2x10'Torr. The Al was deposited at a rate of 4 A?sec and Ta at a rate of 2.5 A/sec.
The graph shown in FIG. 4B reveals that after a 700° C., 1 min RTO anneal, the structure consists of a top Al-O layer thicker than in the as deposited case, and an underlying Al-Ta(O) layer, followed by a Ta layer and a TaSilayer in contact with the Sisubstrate. It is observed that the Ta layer shows no evidence of oxidation indicating the structure is a diffusion barrier to oxygen penetration at 700° C. for 1 min. This is the temperature and time needed to crystallize the PLT (a high dielectric material) into the phase with the highest dielectric constant. The Auger results agree with the X-ray diffraction analysis and stress as a function of tem perature analysis conducted on various samples in the present invention.
FIG. 5 shows a final capacitor structure incorporating the Alfrefractory metal oxygen diffusion barrier after a RTO anneal. For the specific case where the refractory metal is tantalum and the high dielectric material is PLT, the mea sured dielectric constant between the top metal contact (i.e., Al) and the platinum layer is 380+10% and the dielectric constant measured between the top and bottom metal contact was also 380.10%. This is a clear indication that there is no continuous insulating oxide layer formed in the electrode structure during oxidation which would have caused a lowering of the dielectric constant due to a series capaci tance effect.
The present invention can be used in any VLSI electronic application which involves the use of a refractory metal that may be oxidized during annealing causing a degradation of the material. In particular as diffusion barriers, adhesion layers, X-ray lithography masks, metal gate lines, metal 5,625,233 5 contacts and electrode materials for high dielectric material formation applications.
While the present invention has been described in an illustrative manner, it should be understood that the termi nology used is intended to be in a nature of words of description rather than of limitation. Furthermore, while the present invention has been described in terms of a preferred embodiment, it is to be appreciated that those skilled in the art will readily apply these teachings to other possible variations of the invention.
The embodiments of the invention in which an exclusive property or privilege is claimed are defined as follows. 18. A capacitor according to claim 10, wherein said high dielectric constant material is a Perovskite compound selected from the group consisting of PZT, . A capacitor according to claim 11, wherein the high dielectric constant material the layer of refractory metal, and the layer of refractory metal alumninide deposited on the conducting substrate, having an annealed structure obtained after annealing in oxygen at a temperature between 400° C. and 800° C.
